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Abstract

INTRODUCTION: Olfactory dysfunction can be an early sign of Alzheimer’s disease

(AD). We used tau positron emission tomography-magnetic resonance (PET-MR) to

analyze a key region of the olfactory circuit, the piriform cortex, in comparison to the

adjacent medial temporal lobe.

METHODS: Using co-registered magnetic resonance imaging (MRI) and 18F-PI-2620

tau PET-MR scans in 94 older adults, we computed tau uptake in the piriform-

periamygdaloid cortex, amygdala, entorhinal-perirhinal cortices, and hippocampus.

RESULTS:We found an ordinal cross-sectional increase in piriform cortex tau uptake

with increasing disease severity (amyloid-negative controls, amyloid-positive controls,

mild cognitive impairment [MCI] and AD), comparable to entorhinal-perirhinal cortex.

Amyloid-positive controls showed significantly greater tau uptake than amyloid-

negative controls. Negative correlations were present between memory performance

and piriform uptake. Piriform uptake was not elevated in cognitively unimpaired

Parkinson’s disease.

DISCUSSION:Cross-sectionally, there is an early increase in tau uptake in the piriform

cortex in AD but not in Parkinson’s disease.
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Highlights

∙ Positron emission tomography–magnetic resonance (PET-MR) analysis of the pir-

iform cortex sheds light on its role as a potential early region affected by

neurodegenerative disorders underlying olfactory dysfunction.

∙ Uptake of tau tracer was elevated in the piriform cortex in Alzheimer’s disease (AD)

andmild cognitive impairment (MCI) but not in Parkinson’s disease (PD).

∙ Memory performance was worse with greater piriform uptake.

1 BACKGROUND

In Alzheimer’s disease (AD), hyperphosphorylated tau (p-tau) exhibits

a pathological progression in the brain as amnestic AD advances,1 cor-

relating with levels of cognitive decline.2 Yet, challenges remain with

early diagnosis and efficacious treatment.

The most common symptom associated with spectrum of AD

is impaired memory formation and retrieval.3 Memory circuitry

typically involves the entorhinal cortex, the gateway of input to

the hippocampus. Another common complaint in up to 90% of AD

patients is an impaired sense of smell,4–7 with diminished olfactory

discrimination compared to patients with mild cognitive impairment

(MCI), who in turn demonstrate degraded performance compared

to healthy controls.8 The human olfactory circuit intertwines with

memory circuitry: olfactory receptors project through the cribriform

plate to the olfactory bulb, and via the lateral olfactory tract to

the piriform cortex, amygdala, and entorhinal cortex.9 Notably, the

piriform cortex is the primary cortical olfaction region in humans,

and axons from the piriform cortex further project to other areas,

including the periamygdaloid cortex,10 which also receives neu-

ronal signals downstream of the olfactory bulb.11 Olfaction may be

impacted in the early stages of not only AD12–14 but also incipient

Parkinson’s disease (PD).15–17 Senile plaques and tau are observed in

the piriform cortex in postmortem studies of AD.18 The noninvasive

identification of tau deposition in that location could explain the

early loss in odor discrimination in AD and/or PD and synergize with

entorhinal cortical tau to affect memory function. Although olfaction

is not measured in most AD studies, including the present study, it is

still of interest to compare olfactory tau with memory circuitry and

performance.

For the goal of translating tau assessment for in vivo imaging, new

tau positron emission tomography (PET) tracer candidates, such as
18F-PI-2620, display high affinity for hyperphosphorylated tau.19,20

18F-PI-2620 has further shown reduced choroid plexus nonspecific

uptake21 and been translated efficaciously to in vivo human PET

studies of the adjacent medial temporal lobe.22 However, the pir-

iform cortex has not been the primary subject of study in the tau

PET literature. Furthermore, given the intersection of olfactory with

entorhinal circuitry, piriform uptake may be of relevance to memory

function,which, unlike olfactory function, is commonlymeasured inAD

studies.

Our goal in this study is to measure and compare tau uptake

in the piriform cortex, including the adjacent periamygdaloid cortex,

across regions of the medial temporal lobe and across the stages of

AD, in comparison to PD, correlating with available neurobehavioral

testing encompassing memory performance. The piriform cortex and

periamygdaloid cortex are immediately adjacent to one another and

challenging to visualize as separate structures, so in this work we

used multiple anatomic atlases to perform a rigorous segmentation

of both their separate and combined boundaries, the latter of which

we refer to as the piriform-periamygdaloid cortex (or piriform-PAC).

We used 18F-PI-2620 PET-MR to measure tau uptake in the piriform-

PAC, entorhinal-perirhinal cortices, amygdala, and hippocampus cross-

sectionally across AD, MCI, and amyloid-positive and negative healthy

controls (HC) as well as PD.

2 METHODS

2.1 Cohort

We evaluated data from 162 participants from our ongoing ADRC

(Alzheimer’s Disease Research Center) and SAMS (Stanford Aging &

Memory Study) studies. All participants gavewritten informed consent

in accordancewithHealth InsurancePortability andAccountabilityAct

(HIPAA) and the Stanford Institutional ReviewBoard,which adheres to

the ethical standards outlined in the 1964 Declaration of Helsinki and

its subsequent amendments, with diversity, equity, and inclusion (DEI)

considered by open enrollmentwithout regard to race. Sixty-eight par-

ticipants were excluded from our study due to not meeting inclusion

criteria as outlined in Supplemental Methods.

Fifty-one of the 94 included participants were from the Stanford

ADRC (10 AD, 8MCI, 19 healthy controls [HCs], 14 PD), 31 were from

SAMS (all HCs), 7 (all HCs) were dual enrolled in both SAMS andADRC

studies, and 5 AD participants were recruited separately through the

memory clinic. Neuropsychological test battery data and clinical his-

tory and imaging from all participants were reviewed by a consensus

panel of at least two neurologists, a neuropsychologist, and research

staff in order to determine their respective diagnoses. PD was diag-

nosed using the UK Brain Bank criteria and required bradykinesia with

muscle rigidity and/or rest tremor.23 Please seeSupplementalMethods

for further details regarding enrollment.
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2.2 PET-MR scanning

Participants underwent a 90-min tau PET-MR (SIGNA, GE) using tau

tracer 18F-PI-2620 with a simultaneous co-registered sagittal T1-

weighted three-dimensional (3D) IR-FSPGR (inversion-recovery fast

spoiled gradient echo), as described previously.22 Each participant also

had an oblique coronal T2-weighted FSE (fast spin echo) perpendic-

ular to the hippocampal long axis, either simultaneously or recently

acquired (from an amyloid PET-MRwithin 2 years of the tau scan).

Time-of-flight (TOF) functionality was utilized following a 5–10mCi

intravenous injection of our tau PET radiotracer: 18F-PI-2620 (Life

Molecular Imaging, Inc.). Data were acquired at either 45–75 min

or 60–90 min. We interpolated 60–90 min data to the 45–75 min

timescale by using the intercepts and slopes of linear regressions that

fit the signal intensity over time for each voxel using frame data, as has

been described previously in Equation 1 from Pontecorvo et al.24 Dur-

ing the PET acquisition, we acquired a sagittal T1-weighted IR-FSPGR

(repetition time [TR] 7.6 ms, echo time [TE] 3.1 ms, flip angle [FA] 11, 1

× 1 × 1.2 mm resolution; 5 m 46 s scan time) and a coronal-oblique T2-

weightedFSE (TR14111ms, TE102.4ms, FA111, 0.43×0.43×1.9mm

resolution; 3m 24 s scan time). Finally, to reconstruct the PET data set,

we used a LAVA-Flex (liver-accelerated volume acquisition-Flex) MRI

series in conjunction with a tissue atlas.

2.3 Co-registration and hippocampal
segmentation

The T1-weighted and T2-weighted FSE were co-registered using

NiftyReg25 and a symmetric affine transformation. Occasionally, the

affine transformation produced distorted output, in which case a sym-

metric rigid transformation was successfully used. The T1-weighted

scan was natively registered to the PET image, so combining trans-

formations enabled full co-registration of the T1, T2 FSE, and PET

images. Automatic Segmentation of Hippocampal Subfields (ASHS,

2017 version) was run utilizing the T1 and T2 FSE images to segment

hippocampal subfields, including the entorhinal cortex, BA35 and 36

(here approximated as perirhinal cortex), CA fields, dentate gyrus (DG),

and subiculum.

ASHS output was inspected for accuracy. All in the final cohort

met quality control criteria for adequate segmentation and align-

ment. We combined ASHS subfields into two bilateral subregions: (1)

entorhinal-perirhinal cortex (including BA35 and 36), and (2) whole

hippocampus=CA1–4+DG+ subiculum.

2.4 Manual segmentation of the piriform cortex

The piriform cortex is a C-shaped segment of cortex with frontal and

temporal portions along opposing banks of the endorhinal sulcus (note

that the endorhinal sulcus lies along the anteromedial aspect of the

ambient cistern,26 Figure 1D, and is distinct fromboth the rhinal sulcus

and entorhinal cortex). We segmented three regions: frontal piriform

RESEARCH INCONTEXT

1. Systematic review: The authors initiated a compre-

hensive literature search via PubMed on the olfactory

circuit, in particular, the piriform cortex, and how it

is affected by Alzheimer’s disease (AD)/mild cognitive

impairment (MCI). Postmortem and functional magnetic

resonance imaging (fMRI) studies have investigated the

pathophysiology of the piriform cortex in AD, while

only fluorodeoxyglucose–positron emission tomography

(FDG-PET) has been utilized in this region. These publica-

tions laid the foundation for our current research.

2. Interpretation: When analyzing tau-PET uptake in the

piriform cortex and comparing AD,MCI, and healthy con-

trols (HCs), we found an ordinal increase in piriform

tau uptake with increasing AD disease severity. In con-

tradistinction, uptake was not elevated in Parkinson’s

disease.

3. Future directions: We show a tight association between

piriform uptake and clinical AD memory metrics. Future

work will include more detailed correlations with mea-

sures of olfactory function as well as blood/cerebrospinal

fluid (CSF) AD biomarkers.

cortex (PirF, on the superior bank), temporal piriform cortex (PirT, on

the inferior bank), and periamygdaloid cortex (or PAC), which is con-

tiguous along the posterior aspect of PirT and begins about 6 mm

posterior to the limen insula. (Please see Supplemental Methods for

further details regarding the manual segmentation procedures.) Our

segmentation protocol was based on anatomic landmarks defined by

histologic analysis26–28 and is consistent with other imaging studies of

the piriform cortex.29–32 Using Insight toolkit (ITK)-SNAP,33 we man-

ually segmented each piriform region on coronal T1-weighted images

with aid of co-registered T2-weighted FSE images (Figure S1), both in

the same space visualized at 2mmcoronal slice thickness,with overlaid

ASHS hippocampal subfield segmentations (SupplementalMethods).

2.5 Automatic segmentation of amygdala

In addition to automatic segmentation of hippocampal subfields,

FreeSurfer’s 7.2 amygdala segmentation module34 was utilized. The

addedamygdala segmentationwasensured tobenon-overlappingwith

the hippocampal subfield and piriform segmentations from previous

steps by both automatically excluding overlapping voxels andmanually

excluding amygdala voxels going beyond the PirT.

2.6 Quality checking the scans and manual
segmentations

Automatic segmentations (amygdala and hippocampal subfields) were

checked for consistency and overlap as described earlier, blinded
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F IGURE 1 Piriform segmentation procedure overlaid on a T1-weighted three-dimensional (3D) inversion-recovery fast spoiled gradient echo
(IR-FSPGR) image. (A) Inferior-perspective brain illustration depicting the location of the piriform cortex with respect to other regions of the
olfactory circuit. (B) Schematic view of the olfactory circuit connections. (C) The first most anterior slice starts where the white matter of the limen
insula is completely fused. Frontal piriform (PirF) and temporal piriform (PirT) are segmented, forming halves of a “C.” PirF is segmented ~50% of
the approximate distance to the olfactory tubercle, whereas PirT is segmented ~30% to the apex of the gyrus semilunaris. (D) PirF was not
segmented. PirT was extended to 100% of the distance to the sulcus semiannularis. (E) PirT was replacedwith periamygdaloid cortex (PAC), which
was segmented the entire length of the gyrus semilunaris to the sulcus semiannularis. (F) Slice ~8: The appearance of the hippocampal fissure along
the inferior aspect of the undulations of the hippocampal headmarked the end of periamygdaloid segmentation. Note that the amygdala is
segmented separately.

to participant diagnosis (HMT). Two additional individuals (EVS,

SL) similarly quality-checked all the participants’ segmentations

and confirmed the coregistration of the T1w and T2w scans and

segmentations.

2.7 Regional data analysis

The PET image was resampled into T2 space using a single affine

transformation derived from the T1-T2 co-registration above. Mean
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PET standardized uptake value (SUV) was averaged for each region

of interest (ROI) and across hemispheres. SUV ratio (SUVr) was com-

puted using inferior cerebellar gray matter as the reference region.22

Regional volumeswere all correctedbypartialling out total intracranial

volume (ICV)35 as measured by FreeSurfer.

2.8 Behavioral assessments

AD, MCI, the ADRC healthy controls, and PD-CU (cognitively unim-

paired) participants with available neuropsychology scores included

four neuropsychological memory tests: the Craft Story delayed recall,

Hopkins Verbal Learning Test – Revised (HVLT-R) delayed recall, Ben-

son figure delayed recall, and Free and Cued Selective Reminding Test

(FCSRT) delayed free recall. Individual scoreswere first z-scored in ref-

erence to baseline visits from 236 CU ADRC participants, and the four

z-scores were then averaged to create amemory composite score.

The SAMSHCs completed threememory tests [i.e.,WechslerMem-

ory Scale 3rd Edition LogicalMemory (WMS-III LM), HVLT-R, and Brief

Visuospatial Memory Test—Revised (BVMT-R)] and delayed recall.

Scoreswere first z-scored in reference to the full SAMS sample and the

three z-scores were then averaged to create a memory composite for

each participant.36 Given the differences in the underlying measures,

the ADRC and SAMSmemory composites were not combined.

Only cognitive scores within 3 years of the tau PET scan were

considered.

Measures of olfactory function were unavailable for this cohort.

2.9 Statistics

Demographic variableswere compared across cohorts using aKruskal-

Wallis test and Fisher’s exact tests.

We hypothesized increasing regional tau uptake among the four

ordinal participant categories along the AD spectrum (amyloid–

HC, amyloid+HC, MCI, AD). Distributions appeared non-normal, so

we assessed for ordinal increase in tau uptake (and decrease in

ICV-corrected volumes) across four regions bilaterally (entorhinal-

perirhinal, piriform cortex, amygdala, andwhole hippocampus=CA1-4

+ DG + subiculum) using a nonparametric Jonckheere-Terpstra test in

Stata 15with one-sided uncorrected p-values reported.

Similar tests were performed on tau uptake on a control region, the

precentral gyrus as segmented by FreeSurfer.

All cohort comparisons (e.g., between amyloid–HC and

amyloid+HC, or amyloid–HC and PD-CU) were performed using

a two-sidedWilcoxon rank-sum test.

With use of a Spearman’s rank correlation after partialling out

effects of age and sex, tau was correlated with a memory composite

score for the full ADRC cohort (n = 42/58 scores available since n = 2

were excluded due to cognitive scores >3 years of tau PET scan, and

n= 14 did not havememory composite scores available) and amemory

composite score for the SAMS cohort (n = 35/38 scores available as

n= 3were excluded due to cognitive scores>3 years of tau PET scan).

Reported p-values are uncorrected.

3 RESULTS

3.1 Demographics

The mean age, mean years of education, and sex did not differ sig-

nificantly between groups (p = 0.313, p = 0.097, and p = 0.290,

respectively; Table 1). Approximately 88%, 40%, and 50% of MCI, HC,

and PD-CUwere amyloid positive, respectively. Participants were 94%

non-Hispanic and 84%White.

3.2 Volume

Regional volume adjusting for total intracranial volume was inversely

correlated with AD spectrum disease severity, such that AD had the

lowest volume followed by MCI, amyloid+HC, and amyloid–HC in

the following regions (Figure 2): entorhinal-perirhinal (J* = 4.068,

p < 0.001), piriform-PAC (J* = 2.146, p = 0.016), amygdala (J* = 5.276,

p < 0.001), and whole hippocampus (J* = 4.782, p < 0.001).

Amyloid+HC had lower volume than amyloid–HC in amygdala

(z = 2.733, p = 0.006, Figure 2C), but not in entorhinal-perirhinal

(z = 0.537, p = 0.591), piriform-PAC (z = 0.764, p = 0.445), or whole

hippocampus (z=1.513, p=0.130). Therewas a statistically significant

difference in volume between PD-CU and amyloid–HC only in the

piriform-PAC (z = 2.041, p = 0.041, lower in PD-CU, Figure 2B) and

not significant in entorhinal-perirhinal (z= 0.023, p= 0.982), amygdala

(z = 0.907, p = 0.364), and whole hippocampus (z = 0.907, p = 0.364).

Further evaluation of the same PD-CU and amyloid–HC difference

within the piriform-PAC subregions shows localization to the frontal

but not temporal or periamygdaloid portions of the piriform cortex

(frontal piriform: z = 3.312, p < 0.001; temporal piriform: z = 0.975,

p = 0.329; periamygdaloid: z = 1.678, p = 0.093). Volume was cor-

related between subregions, although less so with the piriform-PAC

(Table S1). Across the entire cohort, volume was significantly different

between sexes in the piriform-PAC (female median 720 mm3, male

777 mm3, z = −2.220, p = 0.026), but not in entorhinal-perirhinal

(z=−0.581, p= 0.562), amygdala (z=−1.878, p= 0.060), or whole hip-

pocampus (z = −0.406, p = 0.685). Age was negatively correlated with

volume in the entorhinal-perirhinal cortex (Spearman’s ρ = −0.264,
p= 0.010) andwhole hippocampus (Spearman’s ρ=−0.250, p= 0.015),

but not piriform-PAC or amygdala (p> 0.05, Table S2).

3.3 Tau SUVr

Regional tau uptake was highest in AD followed by MCI, amyloid+HC,
and amyloid–HC, in all four regions (Figure 3): entorhinal-perirhinal

(J* = −6.157, p < 0.001), piriform-PAC (J* = −5.646, p < 0.001), amyg-

dala (J* = −4.817, p < 0.001), and whole hippocampus (J* = −3.989,
p< 0.001). Amyloid+HC hadmore tau than amyloid–HC in entorhinal-

perirhinal (z = −2.245, p = 0.025) and piriform-PAC (z = −2.033,
p = 0.042), but not in amygdala (z = −1.334, p = 0.182) or whole

hippocampus (z = −0.211, p = 0.833). Separate examination of tem-

poral, frontal, and periamygdaloid portions of piriform-PAC showed
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TABLE 1 Demographics of the cohort in our study.

AD MCI

Healthy control

(HC)

Parkinson’s disease,

cognitively unimpaired

(PD-CU) p-value

Age 71.25± 7.99 69.28± 13.72 71.72± 7.69 72.51± 6.12 0.313

Years of education* 17.67± 2.45 16.25± 1.98 17.09± 2.05 16.64± 1.86 0.097

Sex (M/F) 7/8 5/3 22/35 9/5 0.290

Amyloid± 15/0 7/1 23/34 7/7 <0.001

Total N 15 8 57 14

*Years of education were available for 9/8/57/14 AD/MCI/HC/PD-CU participants.

F IGURE 2 Regional volume corrected for total intracranial volume in Alzheimer’s disease (AD), mild cognitive impairment (MCI),
amyloid-positive/-negative healthy controls (amyloid+HC/amyloid–HC), and cognitively unimpaired Parkinson’s disease (PD-CU). (A)
Entorhinal-perirhinal, (B) Piriform-PAC (periamygdaloid cortex), (C) amygdala, and (D) whole hippocampus volumes. All show cross-sectionally
increased volumes with decreasing disease status along the AD spectrum. *=Normal (cognitively unimpaired) PD-CU showed decreased
piriform-PAC volume compared to amyloid–HC (p= 0.041), and amyloid+HC showed decreased amygdala volume compared to amyloid–HC
(p= 0.006).

a similar gradation of tau uptake with disease severity (frontal:

J* = −3.213, p < 0.001; temporal: J* = −5.893, p < 0.001; peri-

amygdaloid: J* = −5.637, p < 0.001, Figure S2), with the difference

between amyloid+HC and amyloid–HC present in the temporal piri-

form and periamygdaloid cortex but not the frontal piriform (temporal:

z = −1.968, p = 0.049; periamygdaloid: z = −2.310, p = 0.021; frontal:

z = 0.325, p = 0.745). Separately comparing frontal versus temporal-

piriform-PAC tau uptake across groups, showed a greater uptake

for temporal-piriform-PAC than frontal piriform in AD (z = 3.067,

p = 0.002), less uptake in amyloid–HC (z = −4.112, p < 0.001) and
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F IGURE 3 18F-PI-2620 tau uptake referenced to the inferior cerebellum. (A) Entorhinal-perirhinal volume, (B) piriform-PAC (periamygdaloid
cortex), (C) amygdala, and (D) whole hippocampus. All show cross-sectionally increased tau with increasing disease status. *=Amyloid+HC
showed increased tau uptake compared to amyloid–HC in entorhinal-perirhinal (p= 0.025) and piriform-PAC (p= 0.042).

PD-CU (z = −2.229, p = 0.026), and statistically equivalent in MCI

(z = −0.140, p = 0.887) and amyloid+HC (z = −0.152, p = 0.879).

To evaluate tau levels across regions within amyloid-negative healthy

older adults, we compared exclusively amyloid–HC and found higher

tauSUVr inentorhinal-perirhinal compared topiriform-PAC, amygdala,

and whole hippocampus (p < 0.001). Uptake of tau was significantly

correlated between these adjacent subregions (Table S3), and uptake

did not differ between sexes (p > 0.05) and did not show a correlation

with age in any subregion (p> 0.05).

Uptake of tau was not elevated in any of these regions in PD-

CU (Figure 3), with statistical equivalence to amyloid–HC in the

entorhinal-perirhinal (z = 1.179, p = 0.238), piriform-PAC (z = 0.658,

p = 0.511), amygdala (z = 1.633, p = 0.102), and whole hippocampus

(z= 1.066, p= 0.286).

Comparing tau with the precentral gyrus reference region (gen-

erally involved in late AD) showed a similar ordinal gradation of tau

uptake (J* = −2.719, p = 0.003) (Figure S3). If the AD category was

excluded, no significant ordinal gradation existed between precentral

tau uptake across MCI, amyloid+HC, and amyloid–HC (J* = −0.946,
p = 0.172), whereas piriform-PAC still showed a significant ordinal

gradation when excluding AD (J*=−2.989, p= 0.001).

3.4 Behavior relationships of tau-memory

The memory composite scores in the ADRC cohort (n = 42 available)

showed a negative monotonic relationship with tau uptake in all four

regions (Figures 4& S4): entorhinal-perirhinal (Spearman’s ρ=−0.516,
p< 0.001), piriform-PAC (Spearman’s ρ=−0.543, p< 0.001), amygdala

(Spearman’s ρ = −0.587, p < 0.001), and whole hippocampus (Spear-

man’s ρ = −0.531, p < 0.001). Within the piriform-PAC subregions,

this negative relationship was present in frontal piriform (Spearman’s
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F IGURE 4 Alzheimer’s Disease Research Center (ADRC)
behavioral correlations with piriform-PAC (periamygdaloid cortex) tau
uptake. Thememory composite score displayed a negativemonotonic
relationship relative to tau uptake in all four regions across
participants, with piriform-PAC tau shown here, and other regions in
Figure S4.

ρ = −0.325, p = 0.036), temporal piriform (Spearman’s ρ = −0.534,
p < 0.001), and periamygdaloid cortex (Spearman’s ρ = −0.552,
p < 0.001). Among the smaller subsample of amyloid+HC (n = 14) and

amyloid–HC (n = 8) in the ADRC cohort, the memory composite score

did not show a significant negative correlation (p > 0.05) in any of the

four regions.

The memory composite in the full SAMS cohort (which are all

amyloid+HC and amyloid–HC, n = 35) did not show a significant rela-

tionship relative to tau uptake across the four regions (p > 0.05).

The memory composite of amyloid+HC controls showed a signifi-

cant negative monotonic relationship in the piriform-PAC (Spearman’s

ρ = −0.738, p = 0.037, Figure S5), which localized to temporal piriform

and periamygdaloid cortex: (frontal piriform: Spearman’s ρ = −0.595,
p = 0.120; temporal piriform: Spearman’s ρ = −0.810, p = 0.015; peri-

amygdaloid cortex; Spearman’s ρ = −0.738, p = 0.037), whereas no

other regions showed a significant relationship for amyloid+HC or

amyloid–HC separately (p> 0.05).

4 DISCUSSION

4.1 Key findings

Uptake of tau increased cross-sectionally with disease severity across

all four regions examined (entorhinal-perirhinal; the frontal, tempo-

ral, and periamygdaloid portions of the piriform-PAC; amygdala; and

whole hippocampus). AD participants showed the highest tau uptake,

followed by MCI, amyloid+HC, and lastly amyloid–HC. In addition, we

found significantly higher uptake in the amyloid+HC cohort compared

to the amyloid–HC group in the entorhinal-perirhinal cortices and

piriform-PAC, but not in the amygdala orwhole hippocampus. Compar-

ison with cognitive testing, specifically episodic memory performance,

across the whole cohort showed worse memory scores with increas-

ing tau in the piriform-PAC. Finally, PD-CU did not show elevated tau

uptakeand instead showedpiriform-PACatrophy, specifically involving

the frontal piriform cortex.

4.2 Pathological and clinical correlations

The expected progression of supratentorial tau in AD is thought to

begin in the transentorhinal cortex and spread to adjacent cortices.37

More recently, direct neuropathological evaluation of the piriform

cortex with respect to its three-layer allocortical architecture has

revealed senile amyloid plaques surrounded by neurofibrillary tan-

gles, primarily in the superficial aspect of layer II, accompanied by

differential interneuron vulnerability.18 Supporting the known patho-

logical appearance of piriform tau in AD, we found increasing tau

uptake cross-sectionally in our study. The uptake was stronger in

the temporal compared to the frontal piriform in AD, which could

relate to possible closer synaptic proximity to the transentorhinal

region; in fact, all the significant tau findings for piriform-PAC were

also significant for the temporal piriform. We further found that only

piriform-PAC and entorhinal-perirhinal tau were statistically differ-

ent between amyloid+ and amyloid– healthy controls, suggesting that

piriform tau uptake is an early event in AD. The correlation of pir-

iform uptake with memory performance could relate to the close

connectivity of olfactory circuitry with the entorhinal cortex.

Neurofibrillarypathologyhasalsobeen found inareaspreceding the

piriform cortex in the olfactory circuit (Figure 1B), such as the olfac-

tory bulb, tract, and the anterior olfactory nucleus.19 Early olfactory

deficits in AD38–40 may be influenced by the entirety of the olfactory

circuit, including the piriform neurofibrillary pathologywe aremeasur-

ing with tau PET-MR. There was a relative lack of piriform-PAC (or any

medial temporal) tau uptake in PD-CU. This finding is consistent with

PD post-mortem data, where the olfactory bulb has shown notable

neurodegeneration and presence of Lewy bodies,41,42 which points to

the source of hyposmia in PD being primarily linked to olfactory bulb

degeneration and not the piriform cortex. The volume loss we observe

in the piriform cortex in PD may thus be secondary to α-synuclein
pathology43,44 in the upstream olfactory bulb.

4.3 Comparisons with other imaging studies

Task-based functional MRI activation of the piriform cortex during

olfaction has shown blunted response not only in AD45 but alsoMCI.46

Microstructural connectivity, as measured by diffusion tensor imag-

ing graph theory metrics, has enabled classification of disease status

based on piriform connectivity.47 Our work reveals tau deposition in

the piriform-PAC in early AD that could drive neurodegeneration and

dysfunction, and thus explain differences in functional and diffusion

imaging. A decrease in piriform cortex volume in a larger cohort of

AD/MCI has been identified in priorwork,30 whereas the differences in

tau PET reported here are revealed in a smaller cohort, suggesting that
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molecular specificity offers improved detection of disease-relevant

pathology.

4.4 Limitations

We utilized manual frontal piriform, temporal piriform, and periamyg-

daloid cortex segmentation, with all steps done blind to diagnosis.

Future work can explore newly-available automated segmentation.30

The piriform-PAC is small and adjacent to other structures with

tau burden in AD (e.g., the amygdala),26 with some uncertainty in

boundaries between its internal components. Nevertheless, we see

differences in tau effects between piriform-PACand amygdala, arguing

that they reflect separate measurements. In addition, ongoing work

with PET-MR can potentially improve acquired and reconstructed PET

resolution.48 Our sample size can limit subgroup analyses, althoughwe

still are able to detect not only ordinal differences but also discriminate

amyloid+ versus amyloid– controls. Future work can integrate shared

data sets of tau PET scans to further increase power, although seg-

mentation strategy may change and be based solely on T1-weighted

images. Our cross-sectional study provides a single-timepoint snap-

shot of the groups studied, so future longitudinal studies should inform

on the dynamics of tau progression in the piriform cortex compared to

the adjacentmedial temporal structures. Futureworkwill complement

this with other tracers, including synaptic tracers, fluorodeoxyglu-

cose (FDG), and amyloid. Study participants were predominantly

non-Hispanic White, and future studies will specifically enroll more

diverse populations. Finally, olfactory discrimination is not routinely

assessed in AD studies or in our presented work. Especially with

coronavirus disease 2019 (COVID-19), established olfactory assess-

ment is increasingly practical49,50 and will be pursued with ongoing

work.

5 CONCLUSIONS

We show significant cross-sectional differences in the olfactory

and memory circuits noninvasively with tau PET-MR, with early

cross-sectional elevation in piriform-PAC tau uptake closely tracking

adjacent medial temporal regions in AD but not in cognitively unim-

paired PD. Deposition of tau may potentially track or even explain

olfactory dysfunction in AD and should be the subject of future

investigations.
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